a b s t r a c t
There has been an increase in the use of biomass for power generation by means of co-firing with coal as well as by the combustion of 100% biomass. Despite the advantages of biomass in reducing carbon emissions from the electricity sector, the co-firing of high percentages of biomass can potentially aggravate ash related problems in the boiler. In order to develop mitigation strategies for the formation of deposits, an understanding of the ash behaviour during the combustion of high percentages of biomass is required. In this work, ash samples from El Cerrejon coal and pine biomass were characterised for their inorganic composition by X-ray fluorescence and wet chemical methods. Relationships between these two methods were found. Furthermore, the melting behaviour of ashes from pure coal, pine, and their blends were studied through ash fusion tests (AFT) and via a method using a simultaneous thermal analyser coupled to mass spectrometer (STA-MS) for the evolved gas analysis. Pine ash has lower slagging potential than El Cerrejon coal ash and results show that for 20:80 and 80:20 pine:coal ash belends the characteristic ash fusion temperatures increase with increasing pine ash content. There is unusually higher slagging potential (lower ash fusion temperatures) at a 50:50 blend ratio. Viscosity models produced sensible results for coal and coal/pine blends, but further refinement is required for modelling the viscosity of pure biomass ash. Thermodynamic modelling of slag formation was undertaken using the FactSage model. This model was successful in predicting the changes of gas, solid and liquid phases during pure pine, coal and cocombustion. 
Introduction
To reduce the use of fossil fuels and to help meet emission targets for CO 2 and, it is now common practice to burn 100% biomass or to co-fire with coal for the large scale generation of electricity using pulverised fuel combustion. Biomass combustion is also advantageous in many cases in terms of lowering SOx and NOx compared to using coal. However, biomass is not an ideal alternative to coal using current technologies, because of the differences in physical and chemical characteristics. The nature of the inorganic content of biomass results in ash particles which may adhere on the heat transfer surfaces, accumulate on the inside walls of the burners to form deposits or slags, and also induce boiler fouling in the convective pass. Alkali metals present may lower the melting temperature of the ash [1, 2] but this is also dependent on the other metal oxides present particularly calcium. Generally, slagging takes place in the hottest parts of the boiler whilst fouling deposits occur as the flue gases and ash particles cool down [3] . Several approaches have been taken to study the formation and chemistry of these deposits. Vassilev et al. [4] used optical microscopy, X-ray diffraction (XRD) and Differential Thermal Analysis-Thermogravimetric analysis (DTA-TGA) to examine ash formation and behaviour during biomass heating and identified several steps associated with different temperature ranges: (i) fragmentation of particles <500°C; (ii) agglomeration: initial (700-900°C), significant (700-1100°C) and extensive (700-1300°C); (iii) ash melting: initial (700°C), extensive (900-1100°C) and complete (1100-1500°C); (iv) phase crystallization between 500 and 1500°C; and (v) glass liquid formation between 700 and 1500°C.
There has been some success in relating biomass ash behaviour to the nature of the inorganic components. In this approach, the inorganics are classified into four types: (i) water soluble salts, (ii) elements associated with the inorganic fraction of the biomass, (iii) minerals included in the fuel structure, (iv) inorganic material incorporated within the biomass from extraneous sources. Removal of the water-soluble salts (alkali chlorides, sulphates, etc.) has been shown to increase the ash melting temperature in many agricultural residues and straws [5] , and also to reduce fouling by alkali salts. Washing also impacts on the combustion behaviour of the fuel. In a previous study [6] , water-washed and demineralised (acid wash) biomass samples were investigated to determine the effect of potassium on their devolatilisation behaviour. The influence of alkali metals on the kinetics of the thermal decomposition of biomass has also been investigated by other researchers using a similar approach [7] [8] [9] . Because of the difference in ash composition between coal and biomass, there are different classifications and amounts of inorganics present. Hence, there are possible consequences when firing blends of coal and biomass, and improvement in either char burnout behaviour and/or ash behaviour is possible. The current work examines the impact on ash behaviour.
Another approach to predicting, biomass ash behaviour and deposition tendencies is through the use of empirical coal ash indices. Under complex combustion conditions, the changes in the boiler and heat transfer passes are predicted using indices; this is a widely used approach, but their reliability when applied to coals from around the world, or when applied to blends, (coalcoal or coal-biomass) is still an issue. Also, their value is limited for biomass because there is less experience in using biomass than coal, hence validation becomes important. However, some indices have proved popular, for example the alkali index is a useful guide to fouling, and the base-to-acid ratio a guide for biomass slagging, although interpretation is different from coal [10] . These indices as well as others are evaluated in this study of pine blended with El Cerrejon coal in different ratios.
There are few reports on ash composition and deposition behaviour of El Cerrejon coal. López and Ward [11] studied the composition and mode of occurrence of mineral matter as they vary for different coal seams and also with particle size. Their studies showed that the mineral phase from El Cerrejon coal contains a high proportion of pyrite (14%) and a significant proportion of coquimbite (3.5%) on hydrated aluminium sulphate, and $54% of quartz, and lower proportions of the clay minerals, kaolinite, and illite. The deposition behaviour of El Cerrejon coal during combustion has been studied experimentally and evaluated by a numerical simulation of its slagging propensity by Wieland et al. [10] . These authors compared El Cerrejon to Pittsburgh 8. The Watt-Fereday model (also utilised in this current study) gave reasonable prediction of deposition of El Cerrejon. The higher deposition propensity of El Cerrejon was then modelled using sticking criteria derived from a thermodynamic model (FactSage) and DTA-TGA, giving reasonable, although slightly different predictions.
Pine wood has been widely investigated for 100% combustion and also for co-firing with coal, and favourable properties have been reported [12, 13] . Compared with rice husk, straw and coffee husk, pine branches shows a low ash content-with especially low SiO 2 content, but with the highest Na 2 O content. Furthermore, the ash from pine resulted in higher melting and ash fusion temperatures, thereby reducing their slagging propensity. During the large-scale co-firing tests pine also showed a different behaviour from other biomass, as it resulted in a low degree of adherence to furnace surfaces.
Co-firing adds further complexity to ash behaviour because of possible interactions; these interactions are studied in this work. For example, vapour phase inorganics from the biomass ash, particularly, potassium salts, interact and react in both the gas phase and also with coal char and ash particles. These interactions take place at high temperature and can result in surface layers potassium-alumina silicate on the coal fly ash [14] . Alternatively, the coal ash can act as surface for deposition of aerosols of potassium salts. In fact, some authors have studied the addition of coal pulverised fly-ash to biomass boilers to mitigate fouling by potassium salts [15] . In this paper the ash behaviour of two fuels, El Cerrejon coal and pine, are examined in as well as blends of the two which might be used for co-firing. For this purpose, the inorganic composition of the fuels are characterised by both X-ray Fluorescence and wet chemical methods and the results obtained by both methods compared. The ash melting behaviour and ash fusion temperatures of the ash from the coal and pine and their ash blends are determined using the characteristic temperatures SST (shrinkage starting temperature), DT (deformation temperature), HT (hemisphere temperature) and FT (flow temperature) previously described [16, 17] . The results are also verified with simultaneous thermal analysis coupled to a mass spectrometer for evolved gas analysis (STA-MS). This work is an expansion of earlier work [17] and uses thermodynamic modelling of slag formation in different ratios of coal and pine via the FactSage software package. Factsage has previously been used successfully to model the behaviour of coal and biomass [18, 19] . The modelling results obtained here are compared with the experimental data obtained from the ash fusion tests and thermal analyses.
Experimental methods

Sample preparation
Ash was prepared from the pine wood and El Cerrejon coal samples according to the British Standard DD CEN/TS 15370-1:2006 and BS 1016-104.4:1998, respectively. Each sample was ashed in air at two final temperatures, namely 550°C and 800°C for 14 h in a Carbolite MFS furnace. Blends of ash from these two fuels were studied. Two strategies were employed for studying ash blends from El Cerrejon coal and pine wood. The first involved ashing the fuels separately at 550°C, as described above, followed by blending of the ashes at set mass ratios. These are termed 'ash blends' and were prepared by mixing the pine ash and El Cerrejon coal ash in proportions equivalent to (fuel) pine/coal ratios of 80/20, 50/50 and 20/80. The second strategy involved blending the fuels at mass ratios of 80/20, 50/50 and 20/80 prior to ashing at 550°C. These are termed 'blended fuel ash'. Sample designations and ashing temperatures are given in Table 1 . For the experimental analyses and tests, all the ash samples were manually sieved to a particle size <106 lm and then kept in sealed plastic containers.
It should be noted that, because of the difference in ash contents in pine versus El Cerrejon coal, the ash ratios differ compared to the fuel ratios and the former are also given in Table 1 .
Proximate and ultimate analyses
The proximate and ultimate analyses are presented in Table 2 . The moisture, volatile and ash contents of the pine and coal were determined following British Standard methods as described before [16, 17] . The fixed carbon was estimated by difference. The C, H, N, S contents were determined using a Flash EA 1112 series analyzer as well as by the analytical facilities in the School of Chemistry at the University of Leeds, where the S and Cl contents of the fuels were also analysed by wet chemical methods. The oxygen contents were determined by difference. The proximate and ultimate analyses were carried out in duplicate and the average values are reported. The high heating value (HHV) of the pine wood and El Cerrejon coal samples were calculated from their elemental contents on a dry basis using Eqs. (1) and (2) respectively, which were derived by Friedl et al. [20] and Majumder et al. [21] : 
Ash analyses
The ash compositions were determined by both wet chemical analyses (WCA) and X-ray fluorescence (XRF). For the wet chemical analyses some of the major elements in the ash were measured using digestion followed by spectrophotometric determination (i.e. SiO 2 , and P 2 O 5 ). For the SiO 2 analyses, the digestate was first reacted with ammonium molybdate and the adsorption at 650 nm compared to a set of standard solutions by using a Jenway 6300 Spectrophotometer. Similarly, P 2 O 5 was determined by a reaction of the digestate with molybdovanadate solution, and the absorption at 430 nm was then compared to a set of standard solutions. Other metals such as Fe, Al, Mg, K, Na, Mn and Ti were determined by atomic absorption spectrometry (AAS) using a VARIAN AA240FS spectrometer, after the ash had been digested sequentially in HF, HCl, H 2 SO 4 and HNO 3 . Calcium was determined by titration with EDTA. The analysis results for the elements are reported as oxides in this paper. For the XRF analyses, the major elements in the ash samples were analysed using an ARL Advant XP Sequencial X-ray fluorescence spectrometer.
Ash fusion tests were performed using a Carbolite digital ash fusion furnace, which has a black and white camera fixed at the front of the furnace to capture images of the ash whilst it is heated at a controlled temperature rate. An ash paste was prepared from the ash samples according to British standards, as described in DD CEN/TS 15370-1:2006. The ash paste was then pressed into an upright cylindrical stainless steel mold (about 5 mm diameter and $5 mm height). The mold was coated beforehand with an extremely thin layer of petroleum jelly to facilitate the removal of the test piece. Ash test pieces were then heated to 1700°C at a heating rate of 5°C/min. Images were collected by the camera for every degree of temperature rise between 555°C and 1700°C. These tests were performed in an oxidizing atmosphere (air). For a few samples the tests were repeated in a reducing atmosphere (50% mixture of CO/CO 2 ). In both cases the gas flow rates were 50 ml/min.
Ash samples were also analysed by using a Netzsch 449C Jupiter Simultaneous Thermal Analyser (STA), coupled to a Netzsch QMS 403C Aeolos Quadrupole Mass Spectrometer. Simultaneous thermal analysis involves the simultaneous application of thermogravimetry (TG), which measures sample mass loss in a controlled temperature programme, and differential thermal analysis (DTA), which monitors the temperature difference between the sample and an inert reference material. For these tests approx. 10 mg of ash was heated from room temperature to 1400°C at 10°C/min under a gas flow rate of 80 ml/min of 12.5% O 2 in He.
The volatile species and gases evolved were transferred directly into the electron impact ion source of the MS via a heated fused silica capillary. The mass-to-charge ratios (m/z) of the monitored gas species The ash compositions of the samples were used to calculate different slagging and fouling indices, as follows:
The alkali index was calculated from the quantity of alkali oxides in the fuel per unit of fuel energy (kg alkali/GJ) as given in Eq. (3):
When the alkali index values are in the range 0.17-0.34 kg/GJ fouling or slagging is considered probable, when these values are >0.34 which indicates that fouling or slagging is virtually certain to occur [22] .
For bituminous coal ashes, the base-to-acid ratio is also an indicator of deposition tendency [23] and can be calculated by the following equation:
where each oxide is represented by the mass fraction in the ash (%).
As R b/a increases, the fouling tendency of a fuel ash increases. When R b/a < 0.5, the fuel shows a low slagging propensity, if 0.5 < R b/a < 1.0, the fuel shows a medium slagging propensity; when R b/a > 1.0, the slagging propensity of the fuel is very high. Eq. (4) was originally developed for use with bituminous coals not biomass. There has been some success in the prediction of slag formation with the use of R b/a or just base percentage for biomass. In a study by Li et al. [24] , this equation was used to evaluate biomass ash slagging tendency, and R b/a has some reciprocal effect on the deformation temperature. Consequently this equation has been chosen to predict the ash slagging potential from biomass, coal and their blends in this study. The reliability of R b/a for biomass ash and blends will be compared with other methods. According to McLennen et al. [25] , the slagging index (F S ) is based on the initial deformation temperature (DT) and hemisphere temperature (HT) observed during ash fusion tests, which has also been employed in this investigation to analyse the slagging propensity of the ash samples. The index is defined as:
In this approach, an ash is classified as having a boiler slagging propensity which is low when F S > 1343°C; medium when 1232°C < F S < 1343°C; high when 1149°C < F S < 1232°C; and severe when F S < 1149°C.
With regards to coal combustion, viscosity is an important physical property that affects deposit strength in regions of high temperature (>1100°C) and can therefore be used to determine the extent of capture and consolidation of particles on furnace walls; with high particle viscosity yielding low slagging potential [26, 27] . In this study we used the redefined Watt-Fereday viscosity model for UK coal ashes as given in Eq. (6) In previous studies from Degereji et al. [28, 29] , the coal numerical slagging index (Sx) was developed for predicting co-firing slagging propensity as Eq. (7):
For pure biomass and coal combustion, the mass of the incoming ash (c) can be calculated by the ash content and the heating value of the individual fuels as follows:
For co-firing, the incoming mass of ash blends and blending fuel ash can be defined by Eq. (9), where x, y, c c and c b are the ratio of the coal in the blend, the ratio of the biomass in the blend, the mass of the coal ash and the mass of the biomass ash, respectively.
The viscosity at the softening temperature is defined by the modified Watt-Fereday model [26, 27] , as Eq. (10). The softening temperatures of both the coal (T c ) and the biomass (T b ), are defined in Eqs. (11) and (12), respectively, as follows: The factor k in Eq. (13) is calculated from the main compound percentages from Table 3 as follows:
A third model was tested which was developed based on viscosity measurements on US lignite and subbituminous coal slags. The method of Streeter follows a similar procedure to that proposed by Urbain for high silica slags, and these models have been reviewed by Vargas et al. [27] . Here, viscosity is given by: a is calculated from the mole fraction of components in the ash (ratio of glass modifiers to (glass modifiers + amphoterics) see [27] for details). From a knowledge of the value of b (SiO 2 is molar ratio of silica in the ash), the fuel is classified as high-silica, intermediate silica or low-silica slag. Then the values of m and c are calculated as follows from the mole fractions of components in the ash: High-silica slags (b > 28):
Intermediate-silica slags (24 < b < 28):
Low-silica slags (b < 24):
Equilibrium modelling: FactSage
Because of the limitations of the empirical indices in the prediction of slagging and fouling, an equilibrium thermochemical model, FactSage 6.4 [30] , was used to predict the formation of deposits and to gain further insights into ash behaviour. This has been applied previously, with success to coal and/or biomass blends [E.g. [17] [18] [19] 31, 32] . The proximate and ultimate fuel data were used as inputs. The thermodynamic database was mainly taken from FACTPS and FTOxid, all ideal gas, solid and liquid solutions were calculated from the stoichiometric equations. The reactions took place at a pressure of 1 bar and the air:fuel ratio was such that each output had an oxygen content of 6 mol% O 2 , which is typical for a combustion chamber. A temperature range from 500 to 1800°C was chosen for the reactions between C, O, H, N, S, P, K 2 O, Na 2 O, SiO 2 , CaO, Al 2 O 3 , Fe 2 O 3 , MgO, MnO, and TiO 2 .
Results and discussion
Fuel and ash analyses
The proximate and ultimate analysis of pine and coal are listed in Table 2 . It can be noted that the Cl and S contents are low in these two fuels and that the ash content of pine is less than half of that of the coal. The ash composition of the individual fuels and their blends, as determined by both XRF and wet chemical analyses are given in Table 3 . Fig. 1 is a plot of the metal, silicon and phosphorus compositions expressed as oxides. In the case of the blends, only the ash from the fuel blends (i.e. fuels mixed prior to ashing) were examined by XRF, whilst the composition of the ash blends (i.e. mixed after ashing) were calculated based on the ash compositions of the pure fuels (as analysed by wet chemical methods) and according to the equivalent coal/biomass blend ratio. For example, for a blend of 50:50 (mass of pine/coal) the actual ash ratio is $30:70. Since the ash contents of pine and coal are 1.67% and 3.83%, respectively, the different ash components are calculated by 30% of the pine ash (prepared at 500°C) and 70% of El Cerrejon coal ash (prepared at 800°C). To study the properties of coal and pine ash during simulated co-firing, the composition of Table 3 Oxide contents of ash from coal pine and blends (wt%). Sample designations are given in Table 1 . Sample the individual ashes prepared at both low and high temperatures were compared and some differences were observed. The high temperature ash results in lower C, H and N content, which in turn affects the proportion of inorganics (expressed as oxides) in the resultant ash analysis. Du et al. [33] used TG-DTC to study the ash from pine and a number of other biomass. They showed that laboratory ash produced at higher temperatures results in a lower yield due to decomposition and evaporation of some of the inorganic components. The ash characteristics thus vary with the preparation temperature as well as by the method of preparation. Compared with WCA, XRF has the advantage of being a rapid method of analysis, but the accuracy of this method has not been completely evaluated. In a study by Thyrel et al. [34] , biomass ash components were tested by XRF. In this instance, the feasibility of using XRF results to predict reasonable results were deemed excellent, since the aluminium calibration models showed good reliability. However, when several metals are being analysed, more than one calibration will be needed, since different metals vary in their evaporation behaviour. A consequence of this is that their concentrations are affected by the fusion temperatures used to prepare the XRF sample pellets. In order to determine the biomass ash compositions from XRF analyses, a correlation to the more accurate traditional wet chemical analysis results was developed. Agreement between the two methods was generally good with regression coefficients (R 2 ) > 0.9 in all cases; a database of five different reference materials (coals and biomass) enabled linear correlations to be assessed as given in Table 4 . For coal ash, the XRF results for SiO 2 are comparable to the wet chemical analysis. The correlations given in the equations can therefore be used as calibrations for future XRF analyses. However, this was not the case for biomass ash, where disagreement was found between the XRF results and the WCA values. The average relative deviation of different oxides for the coal and pine are shown in Table 4 . For the case of pine, the errors for some of the important components are large particularly for SiO 2 , Al 2 O 3 MgO and K 2 O. The poorest correlations found were for K 2 O, MgO and CaO, meaning that there were larger errors in the analyses of biomass ash composition using XRF. These errors could be explained due to the preparation of XRF samples in a high temperature environment, which may result in some evaporation of the metals being analysed. Further work will be needed to extend the database to improve the range of the calibrations.
Ash fusion properties
The ash fusion characteristic temperatures have been listed in Table 5 for all the ash samples studied. These are plotted in Fig. 2 . It can be observed that pine ash softens at temperatures between 1200 and 1500°C, and this temperature range is higher than that observed for El Cerrejon coal ash. The melting properties of ash blends and fuel blend ashes show a similar trend: The 80:20 and 20:80 pine:coal blends show expected behaviour in that the characteristic temperatures of SST (shrinkage starting temperature), DT (deformation temperature), HT (hemisphere temperature) and FT (flow temperature) decrease as the coal ratio increases. However, in both types of blends, the 50/50 fuel ratio ash ratio gives the lowest ash fusion temperatures. These results are discussed later in the light of the FactSage computations.
The ash test pieces undergo several changes during the test, which include swelling and shrinking as discussed in Pang et al. [35] . In order to gain an insight into the behaviour of the ash during testing, the change in height of the test pieces (relative to the initial height) was estimated from the ash fusion tests images and plotted against temperature, as shown in Figs. 3-5 for the pure fuels, ash blends, and fuel blends ashes, respectively. Figs. 3-5 were generated by measuring the height of the test piece relative to the initial height, as described in [35] . It enables a classification of the different stages the test piece displays, namely Region I (no affect of heat treatment), Region II (Sintering stage where the test piece shrinks), Region III (Porous medium, where the test piece swells, which is not always present), and Region IV where there is excessive melting. Marked on the Figures are the deformation, hemisphere and flow temperatures, DT, HT and FT as determined by the standard ash fusion test. From Fig. 3 it can be observed that coal ash swells at the deformation temperature. A similar behaviour was also observed for the ash blends with coal ratios of the test it is difficult to determine the swelling point with accuracy. Both ash blends and analogous blended fuel ashes behaved similarly, and their behaviours resemble that of pure coal ash as the quantity of coal in the blend increases. This can be seen clearly in Fig. 5c , when the amount of pine is <20% of the blended fuel ash, as its ash behaviour is very close to the pure coal ash behaviour, and as such it can be more confidently predicted. Table 1 for sample designation. Table 1 for sample designation. 
Melting behaviour
Plots showing the mass loss upon heating of ash samples in the STA, alongside the corresponding DTA curves and gas evolution profiles are presented in Fig. 6a -e. The mass loss curves are complex with gradual mass losses up to the final temperature of 1400°C. Melting in the STA is characterised by the DTA curve becoming endothermic from temperatures at and above the deformation temperature. Comparisons of the endothermic portion of the DTA curve with characteristic ash fusion temperatures: deformation (DT), hemispherical (HT), and flow temperatures (FT) are marked in Fig. 6 , and values are given in Table 5 . In most ash samples the temperatures for the start of melting (as detected by STA) are lower than the deformation temperatures observed in the standard ash fusion test, and are closer to the SST. Fig. 6a shows the evolution profiles for CO 2 , CO, SO 2 and H 2 O from the melting of the low temperature coal ash. Moreover, it can be observed that SO 2 evolves at much lower temperatures than the ash fusion deformation temperature. Similar evolution profiles were observed for the PCC2 ash (not shown), which is a high temperature ash, and as such it resulted in a lower peak intensity for SO 2 than the lower temperature ash.
For the pine ash (Fig. 6b) , the ash fusion hemisphere and flow temperatures are closer and are much higher than its deformation temperature. Similar to the low temperature coal ash, the low temperature pine ash (PPA1) also shows peaks for the evolution of CO 2 and CO, which reach a maximum as the temperature approaches the deformation temperature.
Comparing the ash blends in Fig. 6c -e with the ash from the fuel blends (not shown here), the TGA and DTA curves are very similar to the PPA1 in Fig. 6b , as the ratio of pine increases, but the DT, HT, and FT are much closer together and higher than the results from the DTA curve. In general, the ash blends with high biomass ash ratio show higher fusion temperatures than the high coal ash blends. The behaviour of the 50/50 fuel ratio ash is interesting as it results in the lowest characteristic temperatures. The peak for the SO 2 emission shifts to lower temperatures as the coal ash content in the blend is increased.
Baxter et al. [16] , who used the STA-MS method to characterise biomass ash, found a correlation between the ash fusion hemisphere temperature and the endotherm (DTA) peak temperatures for Miscanthus ash samples. In Fig. 7 the data from the ash and ash blends studied were plotted alongside data from Baxter et al. for comparison purposes. It can be observed that most of the ash samples studied here show higher HT values than the endothermic peak temperature estimated from the STA with the exception of the 80/20 fuel blend ash (BFPC82), for which both temperatures are close. Table 3 are the major components of the ash samples. The pine and El Cerrejon coal ash compositions were determined by WCA, whilst the ash compositions for the fuel blends were determined by XRF as described earlier. In the case of the ash blends, their composition was calculated from the fuel ash compositions according to their ash blending ratio. The slagging and fouling indices are listed in Table 5 and Fig. 8 is a plot of different numerical indices results with different coal/pine ratios.
Slagging/fouling indices
Listed in
The calculated AI indices for all coal/pine fuel ratios are similar for both methods of ash preparation and indicate that all the fuels studied have low fouling potential. However, the calculated baseto-acid ratio, (R b/a ), indicates that 100% pine ash a has high slagging potential, which is not observed in the ash fusion test. The low temperature coal ash PCC1 and the high temperature coal ash PCC2 show low slagging potential. For the ash blends, increasing the biomass ratio from 20 to 80% increased the ash slagging potential from low to high. In the case of the ash from the fuel blends, a similar trend was also observed with the BFPC82, which is predicted to have a high slagging propensity; increasing the coal content decreased the slagging propensity: BFPC55 shows medium slagging propensity and BFPC28 low slagging propensity.
The calculated F S slagging indices predict that both pure pine ashes (prepared at 550°C (PPA1) and at 800°C (PPA2)) would have low slagging propensities. The coal ash PCC1 and PCC2 are predicted to have medium slagging potential. However, different predictions for both types of ash blends are obtained from the R b/a , where the fuel blend ashes, CA55 and BFPC55 show a high slagging propensity according to the AFT. The other ash blends (CA82, CA28, BFPC82 and BFPC28) show high slagging potential.
The calculated values of Sx (at the shrinkage starting temperature, SST) show that because the total amount of ash decreases with the increase of biomass ratio as shown in Fig. 8 , the slagging potential decreases slowly from 100% coal to 50% coal and 50% biomass. A distinctive feature is a sharp increase when the biomass is 80% of the blend. With pure biomass the value of Sx shows the lowest slagging potential based on this index. Possibly this refects the crossover point of the Al 2 O 3 and K 2 O concentrations in the ash.
The variation of viscosity with temperature is illustrated in Fig. 9 for both the fuel and the blend ashes. The Watt-Fereday model predicts decreasing viscosity with increasing temperature for the coal ash, the 80:20, 50:50 and the 20:80 blend of coal and pine. It is seen that for pure coal the ash is predicted to have high viscosity up to 1400°C, which is related to a low slagging propensity. As the percentage of pine ash in the blend increases, the temperature for slagging decreases, and it is predicted to be around 900°C for the 20:80 coal:pine ash blend. To put the model in some context it can be compared to the glass working point viscosity (when it can be blown), which is 1000 Pa s, and the glass melting point viscosity, which is 10 Pa s. It should be noted that using this model, pine ash is predicted to have low viscosity (<0.1 Pa s) for the entire temperature range. However, the WattFereday viscosity model is an empirical index based on the viscosities of UK bituminous coal ash melts and therefore needs further refinement and validation for high CaO ashes such as pine ash. In comparison, the model by Streeter was also tested for the pine ash (a low silica slag) and the results are given in Fig. 9 also. While the model does show decreasing viscosity with temperature, it predicts a highly slagging ash with exceptionally low softening temperature, which was not seen experimentally. This model was developed for lignites and sub-bituminous coals. The results here highlight the need for a more refined and validated viscosity model for biomass ashes.
Thermal equilibrium model
In order to gain understanding of the slagging and fouling processes and to be able to predict the slagging potential of the fuels, a thermal equilibrium model for the different fuels was built up using FactSage. The modelling results showing the thermal equilibrium phase changes for the ashes from pure pine, El Cerrejon coal and fuel blends with respect to the combustion temperature are presented in Fig. 10 . Each bar in the chart represents the predicted mass fraction of slag for a particular blend at a particular tempera- ture. Also plotted on this figure are the lower and upper limits of the measured deformation temperature ranges, assumed to be represented as the lowest softening temperature (SST) and highest deformation temperature (DT) measured for each blend or pure fuel; the solid and dashed line join these points to give an estimated region for where slagging is observed to occur experimentally.
The first thing to note is that the coal is predicted to be the most slagging (i.e. has the largest change in slag mass fraction between 1000°C and 1200°C) while the biomass is predicted to be the least slagging (i.e. has the lowest change in mass fraction of slag) in this temperature range. The blends are intermediate to these two extremes, and apart for the 50:50 blend, there is a general trend of them becoming less slagging with increasing biomass; the 50/50 blend is predicted to have a the largest change in slag mass fraction between 1000°C and 1200°C. These general predictions follow the same trend as the slagging index, Fs, (see Eq. (5)) given in Table 5 , which is derived from the experimental ash fusion test results.
In the case of pure coal ash, FactSage predicts ca. zero slag at 900°C, 45% slag at 1000°C (near the experimental SST) and this increases to 90% at 1100°C (DT is around 1200°C), so the results are predicting slag at lower temperature than the measured values, but still within about 100°C. For biomass, significant slag formation is predicted only at 1200°C and above. Note that the total amount of predicted slag is also much lower for the pine compared to the coal as seen in Fig. 11 . Fig. 11a-c shows the chemical composition of the predicted species calculated using FactSage for the fuels and a 50% mixture Fig. 11 . Stable solid phases in equilibrium with the slag phase for (a) 100% Pine, (b) 50% pine 50% coal, and (c) coal. of the two. Note that pine, Fig. 11a shows a small propensity of slag formation in terms of g/kg fuel, and this only begins to form at about 1200°C. In contrast, the coal (Fig. 11c ) displays much higher weight of slag and this are first seen to form at above 900°C. Modelling of the blend (Fig. 11b ) predicts intermediate slagging in terms of g/kg fuel, and a small amount of slag is seen at above 900°C, but this increases significantly at temperatures above 1000°C. The pine slag is mainly predicted as Al 2 O 3 , the blend slag as a mixture of SiO 2 , Al 2 O 3 and CaO and the coal slag as a mixture of SiO 2 , CaO, and Na 2 O. Compared with the study by Rizvi et al. [17] using a different pine with a lower CaO content than the present work (20 wt% compared with 49 wt%) there are different predicted results for solid phase change and softening temperature.
Comparison of Fig. 11a, Fig. 11b and c shows that the compositions during the phase changes become more complicated. As the coal ratio increases in these three cases the total non-gas phase content increases due to the higher ash content in the fuel. For the solid phase, as the coal ratio increases, Ca mainly exists in CaSO 4 Fig. 1 ), after 1500°C these two species have similar content in liquid phase. This is also the case in the 50/50 case; in the 100% coal model, Ca 5 HO 13 P 3 in the solid phase remains until 1200°C and changes to Ca 3 (PO 4 ) 2 as a solid after 1300°C. The differences are in the case for 100% coal where most of the K is replaced by Na and combined with Al and Si oxides. As the SiO 2 in the solid phase decreases above 700°C, SiO 2 occurs for the first time in the slag at 800°C. After that, because of the decreasing content of CaSO 4 and Na 2 SO 4 in solid phase are converted into the liquid phase with significant increase of SiO 2 , CaO and Na 2 O in the slag. Above 1200°C, SiO 2 and CaO remain until 1600°C where some of these species are transferred. The reactions as shown by plots in Fig. 11a-c 
General discussion
The role of laboratory tests of solid pulverised fuels is to simulate their behaviour in an industrial combustor. The fuels were characterised by proximate and ultimate analyses and by the determination of their ash composition. The blends were made principally in two ways, by ashing the blended fuels together (termed 'blended fuel ash') or by ashing separately and blending the ash from each fuel (termed 'ash blends'). There is a clear physical difference between the two ways of producing blends of ashes. In the first case the mixture of fuels will decompose in a way in which the volatiles of each component can interact with each other and this will influence the final composition; the biomass volatiles contain more oxygenated species. Ash produced independently will have already undergone transformations before they are further heated in the blend. However, the temperature of the biomass ashing is too low to result in loss of volatile potassium [36] , which is one of the key components which can interact with coal ash in the gas phase [14] . It is debatable, therefore, which method best mimics the behaviour in a large scale combustor where there could be immediate interaction between the two sets of ash especially if some of the ash melts. Nevertheless, experiments produce a consistent finding of unusual slagging behaviour at the 50:50 ash blend regardless of how the ash is formed, and this behaviour is also modelled in the FactSage calculations.
The data obtained were used to calculate indices to determine the slagging and fouling potential of pine and coal and their blends. From above it is seen that the most appropriate values are calculated from the data for the ash blends. B/A results indicate that pine wood ash has a higher slagging potential than coal ash, which is not bourne out by the ash fusion measurements. Though there are some differences in the predictions of the slagging potential from the different approaches, similar ash melting behaviours were observed by the ash fusion tests and STA-MS experimental methods. Pine ash has a higher shrinkage starting temperature, deformation temperature, hemisphere temperature and flow temperature with a much higher mass loss process than El Cerrejon coal ash. During the STA studies of these two ash blends, it was found that higher percentages of biomass in the fuel bends resulted in decreased slagging propensity. In contrast, the ash fusion temperature (measured in the ash fusion test) was lowest for the 50/50 fuel blend than for any other blend tested here. The fuel ash blends have different fusion temperatures. Shrinkage and/or swelling were also observed during the ash fusion tests. The fusion temperatures and behaviour observed for the different ash samples were replicated by the FactSage model, which resulted in similar phase changes with temperature to the ones observed experimentally.
A further complication comes from comparing the results obtained here with previous published research because of the large difference in the nature of pine samples from different sources as well as the inaccuracies introduced by the widespread use of XRF as an analytical tool, at least in the type of samples studied here.
Conclusions
1. Analysis of pine ash and El Cerrejon coal was carried out by both the wet chemical methods and XRF, the former being the most accurate for the type of samples studied here. The accuracy of using the XRF method for pine was not as good as for coal, and equations have been derived to provide corrections for the different components. 2. Measurements were made of the ash fusion temperature characteristics of the fuels and blends. Ash samples of blends were made in two ways, firstly by blending ash produced from the coal and the biomass, and secondly by ashing the blended fuels. Significant differences in the ash fusion temperatures were observed for blends produced by the two methods, whereby ashes from blended fuels had lower characteristic temperatures than blended ashes. 3. Correlations between the hemisphere (HT) and peak endotherm temperatures (STA) showed only limited reliability. For the STA-MS method for studying pyrolysis behaviour the tendencies of mass loss and gas escapes are similar with results from the thermal equilibrium model. 4. Prediction of the pine and coal ash deposition behaviour in different temperature stages can be made by using numerical indices. For the blends, all indices (apart from the empiricallyderived slagging index) are unable to replicate fully the ash melting behaviours. It should be noted however, that only one biomass (pine) and coal (El Cerrejon) has been studied, and further work is required to validate this for a waider variety of fuel types. Different methods give different outcomes and so there is a risk of using one method only, and multiple techniques and approaches are advised. 5. Viscosity modelling produced sensible results for the coal and coal/biomass blends, but was not able to replicate the differences observed experimentally from the ash fusion tests. The viscosity models under-predicted the viscosity of the pine ash and how it changes with temperature. The FactSage model performed better than the viscosity model for the coal and the coal: biomass blends and for the pure biomass (pine) ash. The change of gas, solid and liquid phases during pure pine and coal combustion reasonably described the ash deposition behaviour which were also verified by ash fusion tests.
